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Crystal structure of a thermostable Bacillus DNA polymerase I
large fragment at 2.1 Å resolution
James R Kiefer1, Chen Mao1, Connie J Hansen2, Scott L Basehore2, 
Holly H Hogrefe2, Jeffrey C Braman2 and Lorena S Beese1*
Background: The study of DNA polymerases in the Pol I family is central to the
understanding of DNA replication and repair. DNA polymerases are used in many
molecular biology techniques, including PCR, which require a thermostable
polymerase. In order to learn about Pol I function and the basis of thermostability,
we undertook structural studies of a new thermostable DNA polymerase.
Results: A DNA polymerase large, Klenow-like, fragment from a recently
identified thermostable strain of Bacillus stearothermophilus (BF) was cloned,
sequenced, overexpressed and characterized. Its crystal structure was determined
to 2.1Å resolution by the method of multiple isomorphous replacement.
Conclusions: This structure represents the highest resolution view of a Pol I
enzyme obtained to date. Comparison of three Pol I structures reveals no
compelling evidence for many of the specific interactions that have been proposed
to induce thermostability, but suggests that thermostability arises from innumerable
small changes distributed throughout the protein structure. The polymerase
domain is highly conserved in all three proteins. The N-terminal domains are highly
divergent in sequence, but retain a common fold. When present, the 3′-5′
proofreading exonuclease activity is associated with this domain. Its absence is
associated with changes in catalytic residues that coordinate the divalent ions
required for activity and in loops connecting homologous secondary structural
elements. In BF, these changes result in a blockage of the DNA-binding cleft.
Introduction
DNA polymerases faithfully replicate genetic material but
generate mutations often enough to stimulate and maintain
evolution. Polymerases are ubiquitously utilized in molecu-
lar biology as reagents for techniques ranging from DNA
sequencing to gene amplification by the polymerase chain
reaction (PCR). Much of the biology of DNA polymerases
has been elucidated through the study of the first poly-
merase isolated, DNA polymerase I (Pol I) from Escherichia
coli [1]. Pol I has three enzymatic activities: 5′-3′ exonucle-
ase, 3′-5′ proofreading exonuclease, and polymerase activ-
ity. Each activity is localized to a separate structural domain
of the protein. The large C-terminal fragment, the Klenow
fragment (KF), of this enzyme includes both the 3′-5′
exonuclease and polymerase domains [2]. The crystal
structure of KF was determined at 3.3Å resolution [3] and
refined to 2.6Å resolution [4]. Extensive site-directed
mutagenesis, biochemical, and crystallographic studies of
KF have provided a wealth of information characteriz-
ing the activity, mechanism, and structure of this DNA
polymerase [3–12].
Comparisons of the protein sequences and drug sensitivi-
ties of DNA polymerases isolated after Pol I have delin-
eated several distinct families of these enzymes, including
the Pol I, pol a, and RNA-dependent DNA polymerase
families [13]. There exists little sequence identity between
these classes of enzymes, and it appears that only three cat-
alytically essential carboxylate residues in their polymerase
active sites are strictly conserved [13]. Despite the diver-
gence of polymerase sequences, the three-dimensional
structures of enzymes as distantly related as KF and HIV
[14,15] and Moloney murine leukemia virus (MMLV, [16])
reverse transcriptases (RT) have similar topologies and
organization of their polymerase active sites. A number of
thermostable DNA polymerases, including Thermus aquati-
cus DNA polymerase I (Taq, [17]), have been isolated and
found to belong to the Pol I family of enzymes, allowing
comparative studies to be undertaken to understand the
structural basis for high-temperature DNA replication.
Apoenzyme crystal structures of Taq DNA polymerase
[18] and Klentaq1, a fragment analogous to KF [19], have
recently been solved at 3.0Å and 2.5Å resolution, respec-
tively. Several possible explanations of polymerase ther-
mostability have been proposed.
Here we present the purification, biochemical characteriza-
tion, and structure of a 67.7kDa fragment of a thermostable
DNA polymerase I obtained from a recently identified
strain of Bacillus stearothermophilus. This fragment is similar
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in size and domain structure to KF and is designated BF
for Bacillus fragment. Preliminary biochemical characteri-
zation indicates that BF has a higher catalytic turnover
number (kcat) and processivity than either KF or Taq and
that it completely lacks exonuclease activity. Crystals of 
BF diffract to 1.9Å resolution, and its structure has been
refined to 2.1Å resolution using multiple isomorphous
replacement and anomalous scattering methods. The
refined BF structure offers the highest resolution view of a
Pol I family DNA polymerase determined to date. Analysis
of the BF structure provides an explanation for its lack 
of proofreading 3′-5′ exonuclease activity. Comparison of
the BF structure with the other two known Pol I enzyme
fragment structures, KF and Klentaq1, reveals interesting
structural differences and facilitate discussion of poly-
merase thermostability. The similarity of BF to other Pol I
class proteins should enable it to act as a new model system
for high resolution structural studies of this and other
classes of these polymerases.
Results and discussion
Bacillus DNA polymerase I large fragment
A thermophilic bacterium was isolated from a calcium 
carbonate mound of a neutral pH hot spring in Idaho. It
was classified as a new strain of B. stearothermophilus based
on 16S rRNA sequence analysis (Woese, C., personal com-
munication). In contrast to previously identified strains of
B. stearothermophilus, which have optimal growth tempera-
tures of less than or equal to 55°C [20], this organism
grows optimally at temperatures between 70° and 72°C.
The gene for a DNA polymerase I isolated from this bac-
terium was cloned and found to encode a protein of 876
amino acids. This polymerase shares only 86.1% sequence
identity with the previously identified B. stearother-
mophilus DNA polymerase I [20]. In addition to poly-
merase activity, the recombinant enzyme has strand
displacement and 5′-3′ exonuclease activity, but lacks
proofreading 3′-5′ exonuclease activity. A segment of the
polymerase gene that encodes the C-terminal 592 amino
acids (67.7kDa) of the DNA polymerase I from the new
strain of Bacillus DNA polymerase I was cloned and over-
expressed in E. coli. This fragment is analogous to the
Klenow fragment prepared from E. coli Pol I, and it retains
polymerase as well as strand displacement activity but
lacks the 5′-3′ exonuclease activity of the intact protein.
Biochemical characterization
The biochemical activities of BF described below were
compared to those of KF and Taq, the other two Pol I
enzymes of known structure, enabling the structure and
activities of all three polymerases to be compared. Both
BF and Taq lack the proofreading 3′-5′ exonuclease activ-
ity found in KF. In addition, both enzymes have an
optimal temperature for their polymerase activity between
65°C and 72°C. BF is more processive than both KF and
Taq (Table 1). The observed processivity of BF is 14-fold
greater than the published value for KF [5] and twofold
greater than the highest published value for Taq [21].
Although the KM values for both DNA and dNTPs were
approximately equivalent for all three enzymes, the
observed kcat for BF is more than 35-fold greater than the
kcat of KF and four times greater than that value for Taq.
Correspondingly, the specific activity of the polymerase
reaction of BF is an order of magnitude higher than that of
either Taq or KF measured using an M13 substrate. The
specific activity of BF is more than an order of magnitude
higher than that of KF and is nearly sevenfold that of Taq
on a calf thymus DNA substrate.
BF is a member of the Pol I class polymerases
Sequence alignments between BF and KF [22] revealed
that the polymerase domains of the two proteins (residues
469–876 and 520–928, respectively) are 48.4% identical.
Automated alignment [23,24] of the BF and KF sequences
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Table 1
Comparison of specific activity, processivity, and kinetic parameters for Bacillus fragment, Taq, and Klenow fragment DNA
polymerases.
Polymerase Specific activity kcat (total dNTP/ KM Processivity
(U/mg)* sec) M13 (residues)
Calf thymus DNA Primed M13 DNA (nM) dNTP (mM)
Bacillus 1.5 ×105 4.9 ×105 191.2 (39.3) 3.4 (1.6) 13 (5.5) 111
fragment
Taq 2.2 (0.03) ×104 4.9 ×104 46.6 (16.3) 3.5 (1.1) 24 (2.3) 10
1.7 (0.08) ×104† 1.4§ 16§ 42 (30)§
Klenow 9.7 ×103 5.5 ×103 5.2 1.8 2.3†† 7.0
fragment 9.8 ×103‡ 2.8 ×104‡ 2.8†† 7.7††
Standard deviations for the data are given in parentheses when
available. *Specific activity is presented in units of activity, U, per mg 
of protein, where one unit of activity is defined as the incorporation of
10 nmoles of dNTPs in 30 min as measured by acid insolubility or
binding to a DE-81 filter. Results of the assays performed are
compared to previously reported findings: †[59], ‡[60], §[21], and ††[5].
in the region N-terminal to the polymerase domains
(residues 297–468 and 324–519, respectively) failed because
of sequence deletions and low sequence identity. After the
structure of BF was determined, a structure-based sequence
alignment of the 3′-5′ exonuclease domain of KF and the
corresponding region of BF revealed 19.8% residue iden-
tity. A comparison of the two thermostable polymerase
sequences, BF and Taq [17], showed that they share 52.3%
identity in their polymerase and 18.9% identity in their N-
terminal domains. However, only 9.8% of the N-terminal
exonuclease-domain residues and 37.7% of the polymerase-
domain residues are conserved in all three polymerases.
Hence, KF, Taq and BF are all approximately equally unre-
lated members of the Pol I family.
Crystal structure of BF
The 2.1Å resolution crystal structure of BF offers the
highest resolution view of a DNA polymerase in the Pol I
family. The structure was determined by the method 
of multiple isomorphous replacement using two deriva-
tives. The refined structure has an R factor of 21.1%
(Rfree =26.8%, Table 2). The Ramachandran plot of the
model shows that 90.6% of the residues are in its most
favored region and no residues are in disallowed regions.
The model includes all of the amino acids in the BF
sequence except for 12 residues at the N terminus and
residues 548–553 which are disordered.
The BF structure is divided into two domains, the overall
topology of this protein resembling the structures of KF
and Klentaq1. The Kabsch and Sander secondary structure
analysis algorithm [25,26] was used to define structural
elements. These secondary structure elements (Fig. 1)
have been numbered to maintain consistency with the KF
structural nomenclature. In many cases, both the BF and
KF coordinates have the same structural assignments. Sub-
scripts are used to denote structural elements not iden-
tified in the initial KF model [3] that either became
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Table 2
Summary of crystallographic and refinement data.
Derivatives
Statistic Native Ethyl mercury Uranyl nitrate
phosphate (EMP) (UO2(NO3)2)
Maximum resolution (Å) 2.1 2.7 3.0
Reflections (unique/total) 51 394 / 511 335 24 006 / 150 436 16 936 / 123 227
Completeness (20.0 Å - maximum, %) 93.9 92.7 89.9
Completeness in 2.1 Å - 2.2 Å shell (%) 75.5
Rsym (%)* 7.0 6.4 6.5
Riso (%)† 19.0 13.4
Phasing power (to resolution)‡ 1.5 (3 Å) 1.05 (3.5 Å)
Refinement (F≥2sF)
Resolution range (Å) 8–2.1
Unique reflections, completeness (%) 45 071, 90.1
Rfree (%)§ 26.8
R factor (%)§ 21.1
R factor (%) (F≥0.0sF; 47 898 reflections) 21.7
Non-hydrogen protein atoms 4 572
Water molecules 253
Rmsd from ideal values
Bond lengths (Å) 0.011
Bond angles (°) 1.545
Dihedral angles (°) 21.36
Improper angles (°) 1.251
Ramachandran plot statistics (%, #)
Residues in most favored regions 90.6, 474
Residues in allowed regions 8.6, 45
Residues in generously regions 0.8, 4
Residues in disallowed regions 0.0, 0
Data set statistics present in this table were calculated using
SCALEPACK [64]. *Rsym = (S|(I– < I>)|)/(SI), where < I> refers 
to the average intensity of multiple measurements of the same
reflection. †Riso = (S|Inative–Iiso|)/(S|Inative|), where Inative = the intensity 
of a reflection from the native data, and Iiso = the intensity of a
reflection from the derivative data. Refinement statistics tabulated 
by X-PLOR [67]. ‡Phasing power = {Σ | FH | 2/Σ |E | 2}½, where
Σ|E|2 = Σ{|FPH| (obs)–|FPH | (calc)}2 and FPH and FH are the derivative
and heavy atom structure factors, respectively. §Rfactor and 
Rfree = (Σ |Fobs–Fcalc|)/Σ(Fobs|). Rfree was calculated over 5 % of the
amplitudes not used in refinement. Ramachandran plot statistics
calculated by PROCHECK [25]. # Refers to the number of residues in
each region of the Ramachandran plot.
apparent with the crystallographic refinement of the KF
structure (E1, G1, H1,H2, I1,N1, O1, O2, S1) (Fig. 3b in [11])
or are unique to BF (A1, 5a, 6a, 8a, P1).
The mean root mean square (rms) deviation of Ca posi-
tions between all residues of BF and KF is 3.0Å, reflecting
local structural differences as well as a motion of the two
domains of the proteins with respect to each other. Rela-
tive to the exonuclease position of KF, this shift rotates
the BF N-terminal domain approximately 10° counter-
clockwise around the long axis of the polymerase and 12°
counter-clockwise along the axis that runs between the
fingers and thumb regions. When a superposition is per-
formed aligning the polymerase and exonuclease domains
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Figure 1
Topology of BF DNA polymerase.
(a) Schematic representation in which helices
are shown as blue cylinders and b sheets as
gold arrows. Labeling of the structural
elements is consistent with KF. Definitions of
secondary structure were determined by
PROCHECK [25]. Residues 548–553,
between helices H1 and H2, are disordered in
the structure (marked by a dashed line). The
N terminus is marked by an ‘*’ (near helix A),
and the C terminus is obscured by the K helix.
The amino acid sequence numbers of BF
corresponding to its secondary structure are
listed as follows: vestigial exonuclease
domain: 1(302–304), A(308–312),
2(314–321), 3(334–339), 4(342–346),
A1(347–353), B(354–363), 5(367–370),
C(372–382), 5a(389–393), D(394–402),
E(409–416), E1(424–430) and F(439–468);
polymerase domain: G(470–477),
G1(478–492), 6(493–495), H(496–522),
H1(530–540), H2(557–565), I(568–588),
I1(589–595), 6a(600–602), 7(605–607),
8(617–619), J(622–626), K(633–638),
8a(639–641), 9(646–655), L(656–667),
M(668–677), N(680–691), N1(693–697),
O(698–714), O1(717–726), O2(728–743),
P(744–761), 10(762–765), 11(769–773),
P1(774–778), Q(780–818), 12(823–828),
13(830–838), R(840–854), 14(863–869)
and S1(871–876) (Drawn with O [62].)
(b) Stereo plot of the Ca backbone of the
large fragment of unliganded BF DNA
polymerase. Spheres are drawn every 20
residues for reference. (Drawn with
MOLSCRIPT [70].)
     850      650
  C-term
     800
     600
     350
     500
     700
 
     400
     750
     450
     300
  N-term
     850      650
  C-term
     800
     600
     350
     400
     750
     700
 
     500
     450
     300
  N-term
(a)
(b)
independently, the mean rms deviations of their Ca posi-
tions are 2.2Å and 3.2Å, respectively.
N-terminal domain
Although BF lacks the proofreading 3′-5′ exonuclease
activity of KF, the N-terminal domain of BF resembles the
fold of the 3′–5′ exonuclease domain of the KF. A struc-
tural alignment of the N-terminal domain of BF with the
3′-5′ exonuclease of KF and the analogous domain of Taq
revealed that sequences were deleted from KF in three
regions to generate the topology observed in BF (Fig. 2).
These deletions include the last seven amino acids of helix
A in KF, an 11 residue stretch of amino acids between
sheet 4 and helix B, and three residues preceding helix F.
All of these sequences are also missing in Taq, but the
deleted sequences are longer, and Taq also lacks the A1,
E1, and part of the F helices of BF [18]. As a result of these
deletions the vestigial exonuclease domain of Taq is con-
siderably smaller than the analogous domains of KF or BF
(Figs 2a–c). The overall fold of this domain of BF shows 
a greater resemblance to the exonuclease of KF than the
analogous domain in Klentaq1 does, because fewer and
shorter deletions are found in BF than Klentaq1. Taq
further differs from KF and BF by the presence of a
proline-rich sequence at the N-terminal end of its vestigial
exonuclease domain. In addition to the residue deletions
in BF, structural rearrangements have occurred, converting
the existing portion of KF a helix A into a 310 helix and the
KF helix B into two smaller helices that are nearly perpen-
dicular to each other (helices A1 and B in BF, Fig. 1a).
Vestigial 3¢-5¢ exonuclease ‘active site’
Analysis of the structure of the active site of the exonucle-
ase domain of BF readily reveals the basis for its lack 
of activity. It has been shown that the 3′-5′ exonuclease 
of KF requires two bound divalent cations for catalysis
[4,12,27]. In KF, these metal ions are bound by residues
Asp355, Glu357, Asp424, and Asp501. While the positions
of the corresponding  residues of BF are approximately
the same as in KF (rms deviation=1.27Å), three of these
four critical metal-binding residues are different in BF
(BF homologues of the KF residues are Val319, Glu321,
Ala376, and Lys450, respectively). All four of these critical
residues are also different in Taq [18,19]. Crystals of BF
grown from solutions containing 50mM magnesium or
manganese sulfate fail to show the presence of these metal
ions bound at the expected location of the exonuclease
active site. Since mutation of any one of the metal ligands
in KF can disrupt metal binding and catalysis [12,27], it is
not surprising that BF lacks the capacity to bind metals at
this site and thus lacks exonuclease activity.
In addition to a disruption of metal binding, sequence and
structural changes in the exonuclease cleft of BF also
destroy any potential DNA- and nucleotide-binding sites.
Several exonuclease-domain residues of KF are believed to
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Figure 2
Comparison of 3′-5′ exonuclease domains.
Ribbon schematics of (a) the 3′-5′
exonuclease domain of KF and the
homologous regions of (b) BF and
(c) Klentaq1 polymerases . The structures are
color coded to show regions of the KF
structure that are deleted in BF and/or
Klentaq1. Red coloring represents sequences
missing in both BF and Taq, while gold
represents sequences deleted only in Taq
polymerase. The BF and Klentaq1 residues
flanking their deletions have been similarly
colored to mark the sites of the deletions.
(Drawn with RIBBONS [71].) (d) Sequence
alignments of the 3′-5′ exonuclease domains
based on their structures (alignment of Taq
and KF reproduced from Kim et al. [18])
KF   324  VISYDNYVTILDEETLKAWIAKLEKAPVFAFDTETDSLDNISANLVGLSFAIEPGVAAYI
BF   297  ..AKMAFTLADRVTEEML.......ADKAALVLEVVEENYHDAPIVGIAVVNEH.GRFFL
Taq  292  ...KALEEAPWPPP............EGAFVGFVLSRKEPMWADLLALAAARGG.RVHRA


KF   384  PVAHDYLDAPDQISRERALELLKPLLEDEKALKVGQNLKYDRGILANYGIELRGIAFDTM
BF   347  R...........PETALADPQFVAWLGDETKKKSMFDSKRAAVALKWKGIELCGVSFDLL
Taq  336  P............EPYKALRDL........KEARGLLAKDLSVLALREGLGLP.PGDDPM


KF   444  LESYILNSVAGRHDMDSLAERWLKHKTITFEEIAGKGKNQLTFNQIALEEAGRYAAEDAD
BF   396  LAAYLLDPAQGVDDVRAAAKMKQYEAVRPDEAVYGKGAKRAV...PDEPVLAEHLVRKAA
Taq  375  LLAYLLDP..SNTTPEGVARRYGGEWTE.........................EAGERAA


KF   504  VTLQLHLKMWPDLQKH
BF   453  AIWELERPFLDELRRN
Taq  408  LSERLFANLWGRLEGE

(a)
(d)
(b) (c)
play a role in nucleoside monophosphate and single-
stranded DNA stabilization [4,12,27], and all such residues
are changed in BF and Taq. In addition to these sequence
changes, there are topological changes in the active-site
cleft which may further inhibit substrate binding by steric
occlusion. When the N-terminal domain of BF is superim-
posed onto the KF 3′-5′ exonuclease coordinates (metal and
protein positions; [4,27]) and the single-stranded DNA of
the KF editing complex [11], striking structural differences
become apparent (Fig. 3). BF helices E and E1 both differ
in position from those of KF, reducing the size of the cleft.
The mainchain immediately preceding helix E is brought
within 1.4Å of the phosphate of the second nucleotide of
the superimposed DNA. In addition, the tip of the loop fol-
lowing helix E1 moves 12.9Å (measured from the carbonyl
oxygen of BF residue 433 to the same atom of KF residue
481) from its position in KF and collapses into the exonu-
clease active site. This loop is brought within 0.3Å of the 3′
terminal nucleotide-base ring, of the superimposed DNA.
Relocation of these structural elements may involve four
proline residues (403, 424, 438, and 441) unique to BF that
appear to divert the direction of the mainchain from its
position observed in KF. Crystallographic analysis of BF
crystals soaked for several days in stabilization solutions
containing 10mM dCMP failed to show any electron
density for a nucleotide bound at the exonuclease site. The
extent of the residue and topological changes present in BF
exonuclease active site provide a clear basis for its loss of
nucleoside monophosphate binding potential.
This loss of activity in a structurally conserved domain
suggests that the primary role of the domain remains
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Figure 3
Comparison of 3′-5′ exonuclease active sites.
Stereo diagram of the BF polymerase vestigial
exonuclease active site (red) with the position
of a portion of the structure of the KF active
site (gold) [4] superimposed. The KF Ca
backbone schematic is accompanied by its
two bound zinc atoms (green), and three
nucleotides (black) from the KF editing
complex [11]. The KF residues shown (yellow)
are the four residues that bind the two metal
ions essential for catalysis. These essential KF
sidechains Asp355, Glu357, Asp424, and
Asp501 correspond to BF residues Val319,
Glu321, Ala376, and Lys450, respectively
(shown in blue). Also shown in blue are two
BF proline residues (438 and 441) that may
be responsible for the collapse of a loop
between helices E1 and F (dotted line) into
the exonuclease cleft not observed in KF.
(Drawn with RIBBONS [71].)
Figure 4
Polymerase domain sequence comparisons.
Schematic of the polymerase domain of BF
DNA polymerase. The structural elements are
color coded based on the conservation of the
residue at that position. Gold color represents
residues conserved in BF, KF, and Taq
polymerases, while dark blue color indicates
that the residues are not conserved.
(a) Green color represents residues
conserved in any two of these polymerases.
(b) Red color reflects residues conserved in
the two thermostable, 3′-5′ exonuclease-
deficient enzymes, BF and Taq DNA
polymerases. (Drawn with RIBBONS [71].)
unidentified. For instance, in the intact enzyme this
domain might act as a structural spacer between the poly-
merase domain and the 5′-3′ exonuclease domains which
is not part of the crystal structure. 
It is interesting to note that 5′-3′ exonuclease activity has
been reported for the DNA polymerases of several strains
of B. stearothermophilus [28,29]; however, because the
observed ratio of exonuclease to polymerase activity was
quite low in these studies, the apparent exonuclease activ-
ity could be attributed to a minor contaminant [28]. Since,
other B. stearothermophilus polymerases also lack the cat-
alytic residues of KF, it seems likely that the apparent
activity arises from an exonuclease contaminant rather than
the intrinsic exonuclease activity of those polymerases.
Polymerase domain
The C-terminal polymerase domain of BF (residues 469–
876, helix G to the C terminus) is topologically similar to
the corresponding domains of KF and Klentaq1. Like
other polymerases [3,14,15,30], the BF polymerase domain
resembles a right hand with ‘fingers’, ‘palm’, and ‘thumb’
subdomains (Fig. 4a). These three subdomains define 
a cleft that has been predicted to bind duplex DNA 
[3]. The fingers and thumb regions of the structure are
a-helical, and the palm region is formed primarily from
five anti-parallel b sheets (Fig. 1a). The two long helices
of the thumb, H and I, form an anti-parallel coiled-coil
structure that is stabilized by hydrophobic interactions
dominated by a series of interdigitated leucine residues.
A striking structural feature of the three Pol I enzymes is
that their conserved amino acids are found almost exclu-
sively on the surface of the polymerase cleft (Fig. 4, gold
color). Among these conserved residues are the nine
amino acids that coordinate with the DNA phosphate
backbone in the KF–DNA editing complex structure [11]
and the ten residues shown by mutagenesis to have an
effect on substrate binding or catalysis [5,6]. The longest
semi-continuous stretch of sequence identity in the poly-
merase domain includes residues 611–666 in BF (residues
664–718 in KF and 569–623 in Taq), which includes
helices J-L and sheets 8 and 9. The sequence identity
between BF and KF in this region is 71.0 % and is 54.5%
identical in all three polymerases. This segment of
residues encompasses most of a region (motif A) that was
previously identified [13] to be highly conserved through-
out all known polymerases. In contrast to the localization
of conserved residues, amino acids that are identical in
only the two thermostable enzymes or that are variable in
all three proteins are scattered over their surfaces (Fig. 4b,
red and blue color, respectively).
Polymerase active site
In addition to the conservation of amino-acid sequences 
in the polymerase domain, the positions of residues found
on the central surface of the palm subdomain are also main-
tained (rms deviation is 0.65Å for BF and KF, and 0.66Å
for BF and Klentaq1). Most DNA polymerases have three
conserved carboxylate residues which are essential for catal-
ysis [5,6,13]. In BF, these residues correspond to Asp653,
Asp830, and Glu831 (residues Asp705, Asp882, and Glu883
in KF). In the active site of BF, these three residues are
interconnected through hydrogen bonds to water molecules
and other highly conserved residues (Fig. 5). Part of this
hydrogen bond network stabilizes the strained confor-
mation of the mainchain structure at residue His829, the
amino acid immediately preceding two of the catalytically
important residues of BF (Asp830 and Glu831). This histi-
dine is located at position two of a type II′ b turn (f=52°,
ψ=–121°) between sheets 12 and 13 and is the only well
ordered residue in the BF structure that lies in a generously
allowed region of the Ramachandran plot. All but three of
the 20 mainchain and sidechain oxygen and nitrogen atoms
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Figure 5
Stereo diagram of the polymerase active site
showing the elaborate hydrogen-bonding
network bridging residues critical for catalysis
and other invariant residues. Gold colored
residues have a profound effect on catalysis
when mutated [5]. Residues in gray are
invariant and participate in the hydrogen-
bonding network. Hydrogen bonds intersecting
the backbone schematic represent bonds to
backbone nitrogen and carbonyl oxygen
atoms. Green spheres represent water
molecules. KF residues homologous to those
shown are listed as follows (BF residue, KF
residue): Arg615, 668; Gln624, 677; Asp653,
705; Ser655, 707; Gln656, 708; Glu658,
710; Gln797, 849; Gln827, 879; His829,
881; Asp830, 882; and Glu831, 883. Atoms
are shown in standard colors.
of residues 827 to 832 participate in at least one hydrogen
bond or ion pair to stabilize this turn. The strained configu-
ration of this turn is likely to be of functional significance
because similar topologies are observed in Klentaq1 [19],
KF [4,11], HIV-RT [31–34], and MMLV [16]. Since even
the conservative mutation of KF residue Asp882 to a glu-
tamate virtually abolished catalytic activity [5], (similar
results were obtained with HIV-RT [35]), the capacity of
the enzyme to function is almost certainly dependent upon
the precise positioning of this b turn.
Another conserved residue of the polymerase active site
that participates in the network of hydrogen bonds
includes a Gln797, which stabilizes Arg615. This posi-
tively charged residue is coordinated with the negatively
charged sidechains of Glu658 (Glu710 in KF) and Asp830,
which are less than 3.5Å apart from each other. This unfa-
vorable electrostatic interaction is further balanced by one
of the carboxylate residues also interacting with a solvent
molecule. All of these residues have an effect on substrate
binding or catalysis when mutated [5,6].
Structural differences in the thumb and fingers subdomains
Crystal structures of an HIV-RT–DNA complex [15] and
KF–DNA editing complex [11] combined with site-
directed mutagenesis studies [5,6,35] implicate the thumb
and fingers subdomains in binding DNA. Subtle changes
in the conformations of these regions may influence sub-
strate binding or the processivity of the enzymes. One
such conformational difference is observed in the I helices
of the Pol I enzymes. In the initial KF structure [3], the
I helix was defined as a single long a helix. However, the
refined coordinates of KF and the structures of Klentaq1
and BF all show a break in the I helix at the same position.
This non-helical region is a single residue in length in BF,
three residues long in Klentaq1, and four residues long in
KF. The break divides the original length of the I helix of
KF into helices I and I1 (Fig. 1a and 6a). The I1 helices in
the three structures differ in both position and type. In the
apoenzyme structures of KF [4] and Klentaq1 [19], I1 is a
310 helix, but in BF it is an a helix. This element is also an
a helix in the KF editing complex structure [11], and its
non-helical region is only three residues long. The differ-
ence in helix type forces the helices to become slightly out
of register with each other. This joint between the I and I1
helices (denoted by ‘*’ in Fig. 6a) may act as a hinge, per-
mitting flexibility of the thumb. A similar hinge point was
identified in the structure of a T7/T3 RNA polymerase
chimera [36] and was termed a ‘knuckle’. The thumb of
T7 polymerase [30] was observed in a different conforma-
tion in the chimeric polymerase structure [36], and the
location of the shift in conformation between the two
structures was this knuckle. Multiple conformations of the
thumb were also observed in HIV-RT [37], in which flexi-
bility of the thumb is required for DNA binding and may
be involved in DNA translocation during polymerization.
In KF, this knuckle coincides with the point of initial
divergence in residue positions between apoenzyme and
DNA editing complex structures. Thus, it may be the
pivot point for shuttling DNA between the polymerase
and exonuclease domains of the protein. The fact that the
junction between the I and I1 helices in BF is shorter than
in KF or Klentaq1, may force it to be less flexible, perhaps
contributing to a more stable association between protein
and DNA, and generating a more processive enzyme. 
The turn at the C-terminal end of the I1 helix illustrates
another dramatic structural difference between the three
Pol I enzymes. This turn is in the same position in both
Klentaq1 and KF but is displaced 3.9Å in BF (arrow in
Fig. 6a). The position of the turn in KF and Klentaq1 
is maintained by hydrogen bonds (between His554 and
the mainchain residue 317 in Klentaq1) and ion pairs
(Arg559–Glu790 and Arg556–Glu363 in Klentaq1) that can
not be formed by BF because of sequence differences. In
addition, Klentaq1 and KF both have a glycine residue at
the third position of the turn (Gly558 and Gly653, respec-
tively), whereas BF has a lysine at the same position
(Lys600). This sequence difference may be partly respon-
sible for the altered position of this turn in BF. Since the
thumb subdomain plays a role in DNA stabilization at the
polymerase active site, the variations in the position of this
turn in these three Pol I enzymes may contribute to the
increased kcat or processivity observed in BF.
As in their thumb subdomains, significant structural differ-
ences are apparent in the fingers regions of the three pro-
teins, where the relative positions of helices vary consider-
ably (rms deviation=2.4Å for BF and Klentaq1; 1.3Å for
BF and KF). Figure 6b shows the fingers region of BF and
Klentaq1 superimposed. The differences are most apparent
along the N, N1, O1, O2 and the N-terminal portion of the
O helices. One specific region of the fingers subdomain that
has interesting conformational differences is the C-terminal
end of the O helix. This helix has been implicated in tem-
plate and/or dNTP binding [5,38]. Two highly conserved
residues on this helix are Phe710 and Tyr714 (residues
Phe762 and Tyr766, respectively, in KF), and both of these
residues are observed in different rotamer conformations 
in BF, Klentaq1, and KF (Fig. 6c). In addition, each of the
polymerases has a different conformation at BF residue
Ile716; the Ca positions differ by as much as 3.0Å between
BF and KF. This deviation has an impact on the position of
the next two helices in the fingers subdomain. The struc-
tures of the three proteins change from the close residue
superposition of much of the O helix to very divergent posi-
tions of helices O1 and O2 (Figs 6b,c). Flexibility in this
region of the structure is evident from an abrupt change 
in the temperature factors between residues 702 and 717 
(a difference of 24Å2) and by electron density supporting
the positions of two conformations of the loop connecting
the O and O1 helices of BF. The second conformation of
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this loop resembles the position of the loop in KF. The
binding of DNA to the polymerase domain of the protein
may stabilize a single conformation in this region.
The number of residues in the fingers and thumb sub-
domains of the three Pol I enzymes differ by one or two.
Not surprisingly, the single residue ‘insertions’ or ‘dele-
tions’ occur only in loops connecting structural elements
rather than within the elements themselves. It is possible,
although far from obvious, that these single residue inser-
tions and deletions have a global effect on position of the
subdomains. Crystal contacts may also partially contribute
to the observed differences.
Structural determinants of thermostability
A number of theories have been proposed to explain the
structural basis for protein thermostability [reviewed in
39–41]. The hypotheses range from specific structural fea-
tures, such as an increase in the number of favorable ion
pairs [42–47], to a myriad of small changes spread through-
out the sequence and structure of a protein making it dif-
ficult to identify the structural basis for thermostability
[48]. Analysis of the recent Taq [18] and Klentaq1 [19]
structures identified a number of specific features that
were suggested to contribute to polymerase thermostabil-
ity. Comparing BF and Klentaq1 to the mesostable KF
enables us to evaluate the generality of these observations. 
Many of the structural features proposed to contribute 
to the thermostability of Klentaq1 are either significantly
reduced in magnitude or not observed in the BF structure.
For example, when compared to KF, a higher percentage
of the surface area of the Klentaq1 N-terminal domain was
reported to be buried in the domain interface [19] and this
Research Article  Structure of a thermostable Bacillus DNA polymerase Kiefer et al. 103
Figure 6
Structural comparison of polymerase
subdomains of BF (dark blue), Klentaq1 (gold;
[19]), and KF (cyan; [4]). (a) Ca superposition
of the polymerase ‘thumb’ subdomains. The I
(left) and H (right) helices of the three proteins
are virtually identical in position; however, the
position of the residues in the turn at the end
of the I1 helix (arrow) of BF differs
substantially from both Klentaq1 and KF. The
location of the break between helices I and I1,
which may represent a hinge or ‘knuckle’ is
marked by an ‘*’. (b) Stereo schematic of a
superposition of BF and Klentaq1 ‘fingers’
subdomain (left side of image). Note that the
upper half of the fingers subdomain (helices M
to O2) of the two proteins does not
superimpose while the lower half of the region
(helices L and P) and the palm region have
nearly identical positions. The three red
sidechains indicate the positions of
catalytically essential residues Asp653,
Asp830, and Glu831, for reference. (c)
Schematic of the O and O1 helices of BF, KF,
and Klentaq1. Different conformations of the
ends of the O helix are observed in each
structure. (All drawn with RIBBONS [71].)
was proposed to contribute to thermostability. Approxi-
mately 13% of the surface area (2582 Å2) of the exonucle-
ase of KF is buried in the interface of the two domains;
whereas, 15% (2671Å2) is buried in BF and 22% (2948Å2)
is buried in Klentaq1. Klentaq1 has a net gain of 17
hydrophobic and aromatic residues compared to KF, and
this was reported to contribute to the slightly larger
hydrophobic component of its buried surface area (about
1.5%) [19]. Conversely, BF shows a net loss of six such
residues and its hydrophobic core appears extremely
similar to KF.
It was previously observed that the ratio of specific
residues tended to increase when comparing mesostable
and thermostable proteins [18,42,49]. However, the ratios
of glutamic acid:aspartic acid, leucine:isoleucine, and argi-
nine:lysine do not show a consistent increase in BF and
Taq relative to KF. Although the Klentaq1 sequence con-
tains a large number of alanine to proline substitutions,
which could contribute to its thermostability [19,50,51],
BF has fewer proline residues than KF.
An increased number of favorable ion pairs could add 
thermostability to proteins [42–47]. However, residues of
mesostable KF form more ion pairs than are found in
either thermostable polymerase. It is interesting to note,
however, that KF also has a greater number of unfavor-
able ion pairs than either Klentaq1 or BF, and as previ-
ously suggested, these interactions may contribute to its 
destabilization [19].
Removal of solvent-exposed loops to reduce the entropy of
the native state [52], reduction of the molecular surface area
to volume ratio [48], or capping or burial of the peptide
termini [47] are all ways to generate more compact, poten-
tially thermostable structures. Both BF and Taq have
tighter connections between the secondary structural ele-
ments of their N-terminal domains due to the shortening or
deletion of loops present in KF. These alterations, however,
did not substantively affect the surface to volume ratios of
these proteins (1.15, 1.15, and 1.14 in BF, KF, and Taq,
respectively). Burial of peptide termini does not contribute
to thermostability here, as the positions of the C-termini of
the three proteins are identical and solvent accessible.
Finally, it has been proposed that thermostable proteins
have optimized torsion angles, minimizing the strain in
the molecule [53]. This could be accomplished by the
mainchain atoms of the protein being predominantly in
their most favorable conformations, or in fewer ‘excluded’
conformations. Ramachandran plots [25] calculated for
BF, Klentaq1, and KF structures are very similar both in
the percentage of residues in most favorable conforma-
tions and in the percentage in disallowed regions, so that
this effect, if any, cannot be observed within the expected
accuracy of these structures.
Taken together, the sequence and structural data of these
three Pol I family DNA polymerases affirms that there is
no single obvious explanation for the molecular determi-
nants of polymerase thermostability. Hence, thermostabil-
ity may arise from innumerable small changes distributed
throughout the protein structure. Nevertheless, both ther-
mostable polymerases possess a more compact exonu-
clease domain arising from a series of deletions of KF
sequences in this region. Since most of these deletions are
conserved in position within one or two residues in Taq
and BF, these regions of the exonuclease of KF may
destabilize the protein. The decrease in number of ener-
getically unfavorable ion pairs may also be a factor con-
tributing to polymerase stabilization.
Biological implications
DNA polymerases are responsible for the accurate
replication of genetic material. They are of considerable
pharmacological importance as the targets of several
antiviral and antitumor drugs, including those that are
used to treat herpes virus infections and AIDS. In addi-
tion, numerous molecular biology techniques, including
PCR, utilize DNA polymerases. 
The Klenow fragment (KF) of E. coli DNA polymerase
I (Pol I) is the paradigm for the understanding of the
biology and of the structure of polymerases. The 2.1Å
resolution crystal structure of the homologous, ther-
mostable Bacillus DNA polymerase fragment (BF) pre-
sented here provides the highest resolution image of any
Pol I enzyme to date. The overall structural similarity 
of BF to KF allows the biochemical knowledge of the
latter to be applied to the former. BF is particularly
amenable to crystallographic analysis and has allowed
the structure determination of a number of BF–DNA
complexes (unpublished data). It may therefore become
an additional model system for high resolution studies 
of polymerases.
We find no compelling evidence for many of the specific
interactions that have been proposed for thermostability.
Shortening or removing solvent-exposed connections
between secondary structural elements remains corre-
lated with the thermostability of BF and Taq, the DNA
polymerase from Thermus aquaticus. However, it seems
likely that the dominant factors are structurally distrib-
uted in a myriad of small changes. 
The structure and sequences (sharing 37.7% sequence
identity) in the polymerase domain are highly conserved
in all three proteins. However, localized structural differ-
ences are observed in the fingers and thumb subdomains
and may have functional significance, perhaps contribut-
ing to the differences in processivity or DNA shut-
tling between exonuclease and polymerase domains. The
N-terminal domains are divergent in sequence (sharing
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only 9.8% sequence identity) and function, but are struc-
turally similar. In KF this domain has 3¢-5¢ proofreading
exonuclease activity, while this function is missing in
both Taq and BF. It is absent in BF both because of 
the absence of the residues that coordinate the divalent
cations required for activity, and because the single-
stranded DNA-binding cleft is blocked as the loops con-
necting homologous secondary structural elements of the
protein core are changed by deletions and rearrange-
ments. This constitutes a striking example of how func-
tion can be lost (or gained) despite retention of structure.
Materials and methods 
Isolation of a new strain of Bacillus stearothermophilus and
cloning of the Pol gene
A thermophilic bacterium was isolated from a mixed population of 
bacteria obtained from a neutral pH hot spring in Idaho [54]. 16S rRNA
sequence analysis showed the isolate to be a strain of Bacillus
stearothermophilus [55]. This organism grows optimally between 70°C
and 72°C. Genomic DNA was isolated from this organism using stan-
dard procedures [56], and a Lambda ZAP®II expression library [57] was
prepared by the Custom Library Department at Stratagene (La Jolla,
CA). The primary library was screened for thermostable polymerase pro-
ducing phage clones as previously described [58]. One active isolate
contained the entire gene for Bacillus DNA polymerase, encoding an
876 amino acid polypeptide similar in sequence to the E. coli DNA Pol I.
PCR was used to amplify a segment of DNA analogous to the E. coli
Pol I Klenow fragment. This 592 amino acid C-terminal fragment, BF,
was overproduced in E. coli.
Purification of BF
A suspension of cells overexpressing the cloned BF fragment was
heated to 65°C and held at that temperature for 15 min. The soluble
fraction of the heated extract was dialyzed overnight against buffer A
(50mM Tris-HCl pH7.5, 1mM EDTA, 0.1% v/v NP-40, 0.1% v/v Tween
20, and 10mM BME). The soluble fraction of this dialyzed extract was
loaded onto a 2.6 × 20cm Pharmacia Hi-Load Q FPLC column. A
2 × 1000ml linear 0 to 0.5M NaCl gradient was applied to the column.
Fractions which possessed DNA polymerase activity were pooled, dia-
lyzed against buffer A containing an additional 150 mM NaCl and loaded
onto a Pharmacia Heparin Sepharose CL-6B column. The column was
washed with ten column volumes of buffer B (buffer A, without deter-
gents) and the protein was eluted with a 2 × 650ml linear 0.15M to
0.8M NaCl gradient in buffer B. Active fractions were pooled and dia-
lyzed against buffer B and stored at 4°C prior to crystallization. Protein
concentration was determined by a Bradford assay (BioRad or Pierce)
using bovine serum albumin as the standard.
Polymerase assay
The polymerase and exonuclease activities and processivity of BF and
Taq DNA polymerases were determined and compared to previously
described data on Taq [21,59] and KF [5,60]. The assays for poly-
merase activity were performed as previously described [5] with minor
modifications [59] using both gapped calf thymus DNA and primed
M13 DNA as substrates. Briefly, the polymerases were incubated in
11 ml reactions which consisted of a 10 ml reaction mix and a 1 ml
protein dilution that were combined to initiate the reaction. The reaction
mixes were the same for both polymerases tested and contained
50 mM Tris-HCl (pH 8.0), 5 mM MgCl2, 1 mM DTT, 50 mg ml–1 BSA,
4 % glycerol, 200 mM of each dNTP, [3H]-dTTP (0.5 mCi/mmole final
concentration) and either 250 mg/ml–1 of activated calf thymus DNA
(Pharmacia) or 16.5 nM primed M13 DNA. The polymerases were
diluted in their appropriate storage buffers, which for BF was the same
as detailed above except that final concentrations of 0.1 % NP-40 and
0.1 % Tween-20 were also present. Initially, several temperature points
were tested to determine the optimal temperature for BF activity; there-
after, all reactions were incubated for 30 min at either 65°C or 72°C,
for BF or Taq, respectively. The reactions were quenched on ice, and
then 5 ml of each reaction were spotted onto DE-81 filters (Whatman)
and rinsed. After drying, the filters were read in a scintillation counter,
and the activity of the polymerase was determined. One unit of poly-
merase activity was defined as the amount of enzyme required to incor-
porate 10 nmoles of total dNTP into polymeric form (which binds the
DE-81 paper) in 30 min.
Kinetic parameters were determined by varying the conditions of the
polymerase assay with respect to dNTP and M13 concentration. To
determine the DNA parameters, the concentration of dATP, dCTP, and
dGTP were fixed at 200 mM, and the [3H]-dTTP concentration was
100 mM (1 mCi/mmole–1). Polymerization rates were measured in tripli-
cate at each of seven or eight M13 concentrations. Parameters for Vmax
values were determined as the slope–1 of Hanes-Woolf plots of V
versus [S] data. The kcat (total dNTPs sec–1) was calculated as (Vmax
[mM each dNTP sec–1] × 4)/[polymerase] to give turnover numbers
expressed as the total number of nucleotides incorporated per sec.
Vmax values obtained from varying the concentration of dNTPs at 15 nM
M13 and from varying the M13 concentration at 200 mM dNTPs were
not significantly different and both sets of values were used in comput-
ing kcat. The KM (dNTP) values for each dNTP were determined in the
presence of an equimolar concentration of all four dNTPs.
Strand displacement and exonuclease assays
To determine the 3′-5′ exonuclease activity of the protein, l bacte-
riophage DNA was digested with TaqI restriction enzyme, and the
recessed ends of the DNA were filled in with [3H]-dCTP and [3H]-
dGTP. Various concentrations of protein were then incubated with
200 ng of the prepared DNA in the polymerase assay buffer for 30min
at the appropriate temperature. The DNA was then precipitated, and a
sample of the supernatant was read in a scintillation counter [21]. The
procedures for the determination of strand displacement and 5′-3′
exonuclease activities are essentially identical to the previously reported
protocol [21] except that the reactions were incubated at 50°C for
10 min and utilized the aforementioned polymerase reaction buffer.
Processivity assay
Processivity was determined by electrophoretic analysis of primed M13
synthesis products extended under conditions of excess substrate. The
primer strand was phosphorylated at the 5′ end with [g-32P]-ATP
( > 5000 Ci/mmole) by T4 polynucleotide kinase. Polymerase reactions
were conducted in the presence of varying concentrations of a non-
radioactive calf thymus DNA trap. Reactions were stopped at 1, 5, 15,
and 30 min intervals with stop dye (95 % formamide, 20 mM EDTA,
0.05 % bromophenol blue, and 0.05 % xylene cyanol). The reactions
were electrophoresed on 6–8 % denaturing polyacrylamide gels, and
the amount of each extension product was quantified by densitometry
using an Eagle Eye II Still Video System with RFLPscan software
(Stratagene). The processivity was then calculated by the previously
reported Ricchetti and Buc method [61].
Sequence alignments and structural superpositions
Sequences of the polymerase domains of the DNA polymerases from
E. coli (residues 520–928; GENBANK: locus ECOPOLA, accession
J01663; [22]) and T. aquaticus (residues 424–832; NCBI gi: 155129;
[17]), and BF (residues 469–876) were aligned simultaneously using
the Juton Hein algorithm in DNASTAR [23,24]. Alignments of the entire
sequences of Bacillus polymerase and B. Stearothermophilus DNA
polymerase I (PIR accession number: locus JC4286) were also per-
formed. The exonuclease domains of the proteins were aligned manually
based on the structures of BF and KF and on the previously reported
structural alignment of Taq and KF [18]. All superpositions and their rms
deviations were determined on a carbons by the LSQ_EXPLICIT and
LSQ_IMPROVE algorithms of O [62]. Coordinates for apoenzyme KF
correspond to the refined model [4].
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Crystallization and data collection
Crystals of the protein were grown at 18°C by vapor diffusion as
hanging drops by combining equal volumes of 10 mg ml–1 protein solu-
tion and well solution (55 % v/v saturated ammonium sulfate; 100 mM
MES, pH 5.8; 2.5–7.0 % v/v MPD; and 0.02 % w/v sodium azide). The
crystals of BF DNA polymerase typically grew to dimensions of 300 ×
400 × 800 mm in 10 days. The crystals were of space group P212121
with one molecule per asymmetric unit and cell dimensions a = 91.4 Å,
b = 93.5 Å, c = 106.7 Å. The VM = 3.36 and indicated a 63.4 % solvent
content in the crystals [63].
Diffraction data were collected at 4°C with an R-AXIS IIC phospho-
imaging plate system (Molecular Structure Corporation) on a Rigaku
rotating anode X-ray generator with a double mirror optics. The data
were indexed and processed with the DENZO program package and
reduced with SCALEPACK [64].
An ethyl mercury phosphate (EMP) derivative was obtained from a
48 h soak using a stabilization solution of 1 mM EMP, 65 % lithium
sulfate, 100 mM MES (pH 5.8); and 2.5 % v/v MPD which was
replaced once during the soak. The EMP was a gift from Dr G Petsko.
A uranyl nitrate derivative was obtained from a one day soak in a stabi-
lizing solution containing 50 mM uranyl nitrate. All heavy atom soaks
were performed at room temperature. The diffraction data are summa-
rized in Table 2. 
Structure solution
Phases were obtained by the method of multiple isomorphous replace-
ment and anomalous scattering (MIRAS), incorporating the data 
from the two heavy atom derivatives. A single heavy atom site for the
EMP derivative was located by inspection of difference Patterson and
anomalous difference Patterson maps calculated using the program
package PHASES [65]. Three additional heavy atom sites were
located in difference Fourier maps using phases calculated from the
initial EMP site. The phasing power for the EMP derivative was 1.5 to
3.0 Å resolution. The heavy atom sites of the uranyl nitrate derivative
were solved by inspection of difference Fourier maps calculated using
the phases derived from the EMP data. The phasing power for the
uranyl nitrate derivative was 1.05 at 3.5 Å resolution. The heavy atom
sites were refined from 10.0 to 3.5 Å resolution [65]. The combined
phases of both derivatives, including their anomalous scattering data,
were used to generate a MIRAS electron-density map. The overall
figure of merit obtained from these two derivatives was 0.51 at 3.5 Å
resolution. After one cycle of solvent flattening [65] most of the sec-
ondary structure was clear in the electron density map, however,
several regions appeared to be truncated by the automatic solvent 
flattening procedure.
A polyalanine model of the KF structure [10] was used to generate a 7Å
molecular replacement (MR) solution using AMoRe [66]. This MR solu-
tion was used to further refine the heavy atom sites, and served as a tem-
plate to manually adjust the solvent mask using MAMA (Kleywegt and
Jones, unpublished data) and O [62]. The resolution of the MIRAS map
was extended to 3.0Å and the mainchain atoms and all well defined
sidechains were built into the density using O [62]. Conjugate gradient
minimization of the coordinates including all data to 2.4Å resolution was
performed with X-PLOR [67]. Phases calculated from the partially refined
coordinates were then combined with MIRAS phases by SIGMAA [68]
and were used to generate a new solvent mask using DM [69]. Further
cycles of solvent flattening, model building, and refinement were carried
out until most of sidechains were fit into the electron density.
Refinement
The model was refined at 2.1 Å resolution including all data with F≥2sF
using X-PLOR [67]. The test set for calculations for Rfree consisted of
5% of randomly selected reflections [67]. Initially, the tip of the thumb
region of the protein (residues 510–585) was modeled only as polyala-
nine. After each cycle of the refinement, sidechains were added to this
region as electron density for them appeared. Water molecules were
added to peaks in the Fo–Fc electron-density maps which were greater
than 3s and within hydrogen bonding distance to the protein or other
solvent molecules. Water molecules were assigned an occupancy of
one and waters with refined B factors above 60 Å2 or without 1s 2Fo–Fc
electron density were subsequently removed. The entire BF fragment is
represented in the final model except for 12 residues at the N terminus
and six residues in the tip of the thumb region (residues 548–553) for
which no electron density was observed. Fourteen residues (298, 520,
525, 527, 529, 530, 532, 533, 540, 559, 561– 563 and 569) are rep-
resented as alanines in the model because their sidechains were disor-
dered. The model contains 253 solvent molecules.
The Ramachandran plot of the model shows that 90.6 % of the
residues are in its most favored region with no residues in a disallowed
region of the plot. The highest temperature factors are observed in the
thumb region of the protein and over residues 432–434 and 628–631
where the electron density is weak. The average mainchain B factor for
the model is 31.6 Å2 (27.5 Å2, when residues 496–595 of the thumb
are omitted from the calculation). A single cis peptide bond is observed
in the structure at Glu620, immediately preceding a proline residue. A
summary of refinement statistics is shown in Table 2, and a representa-
tive portion of the 2Fo-Fc electron-density map is shown in Figure 7.
Accession numbers
The atomic coordinates for the BF structure have been deposited into
the Brookhaven Protein Data Bank under the accession number of 1bpd.
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Figure 7
Stereo diagram of a representative portion of
the 2Fo-Fc electron-density map at 2.1 Å
resolution. The contour level is 2s (drawn with
O [62]).
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